Seeds are in a natural oxidative context leading to protein oxidation. Although inevitable for proper progression from maturation to germination, protein oxidation at high levels is detrimental and associated with seed aging. Oxidation of methionine to methionine sulfoxide is a common form of damage observed during aging in all organisms. This damage is reversible through the action of methionine sulfoxide reductases (MSRs), which play key roles in lifespan control in yeast and animal cells. To investigate the relationship between MSR capacity and longevity in plant seeds, we first used two Medicago truncatula genotypes with contrasting seed quality. After characterizing the MSR family in this species, we analyzed gene expression and enzymatic activity in immature and mature seeds exhibiting distinct quality levels. We found a very strong correlation between the initial MSR capacities in different lots of mature seeds of the two genotypes and the time to a drop in viability to 50% after controlled deterioration. We then analyzed seed longevity in Arabidopsis thaliana lines, in which MSR gene expression has been genetically altered, and observed a positive correlation between MSR capacity and longevity in these seeds as well. Based on our data, we propose that the MSR repair system plays a decisive role in the establishment and preservation of longevity in plant seeds.
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seed deterioration | seed viability | redox systems | antioxidant enzymes S uccessful crop implantation is crucial for maximal plant yield and relies on seed physiological quality, which is acquired at the end of development, during maturation. Quality is expressed by the capacity of seeds to germinate in a fast and homogenous manner before and after storage (seed longevity) and to provide proper seedling establishment in various environments (seed vigor). Quality is controlled by genetic traits and varies greatly among species and cultivars. The establishment of quality also depends on the prevailing environmental conditions during seed development and storage (1, 2) .
During the maturation phase, mechanisms are put in place to prevent and repair desiccation damage, as well as to allow survival of seeds in the dry state (3) (4) (5) . Nonetheless, drying of seeds on mother plants can occur prematurely in drought conditions, leading to low-quality seeds (6) (7) (8) . Thus, in the context of a warming climate, producing good-quality seeds represents a global challenge to sustain current yield levels (9, 10) .
The mechanisms underlying seed quality are controlled in part by abscisic acid (ABA), the phytohormone involved in plant responses to dehydration that is produced during seed maturation. Of note, ABA triggers the accumulation of late-embryogenesis abundant proteins, heat-shock proteins (HSPs), and storage proteins (11) . Late-embryogenesis abundant proteins and HSPs are thought to primarily protect cell structures when water is removed. Reserve proteins, through their sensitivity to reactive oxygen species (ROS), play a determinant role in limiting oxidative damage on other seed components (12) . Classical antioxidant systems also have an important part in seed quality (13) . Thus, mutant plants deficient in tocopherol synthesis produce seeds with reduced viability when stored at high humidity and high temperature (14) .
The quality of seeds ultimately depends on their capacity to repair damaged molecules when metabolism resumes on imbibition. Accordingly, protein repair at the level of aspartate/asparagine residues, spontaneously damaged over time, is required for proper seed longevity and germination (15) . Repair of oxidized proteins may function in seed quality establishment, preservation, and expression as well. Indeed, seeds are in a natural oxidative context, leading to oxidation of proteins (12, 16, 17) , the primary targets of ROS species owing to their high abundance (18) . Sulfurcontaining residues are particularly prone to oxidation (18) . Oxidation of these residues is nevertheless reversible in most cases. Formation of disulfide bridges between cysteine residues occurs during seed maturation and has been proposed to provoke compaction of proteins, rendering them less sensitive to protease action or inactive (16) . The reversibility of this process during germination, likely through the action of thioredoxins (Trxs), participates in the awakening of metabolism and is thought to play an important role in seed physiology (16, 19) .
The role of oxidation of methionine (Met) in methionine sulfoxide (MetO) and its repair by methionine sulfoxide reductases (MSRs) has not been documented in seeds, although several lines of evidence support the possible involvement of MSRs in maturation and germination processes: (i) MSRs belong to the minimal set of proteins required for basic functions in living cells (20) ; (ii) Met oxidation is a hallmark of oxidative conditions and aging in all organisms (21); (iii) MSRs play a determinant role in the tolerance of oxidative stress (22) (23) (24) (25) (26) (27) (28) ; and (iv) MSRs control lifespan in microorganisms, insects, and mammals, including human (29) (30) (31) (32) . Moreover, one MSR gene exhibits increased expression during reinduction of desiccation tolerance in germinated seeds of Medicago truncatula (33) . The participation of MSR in the establishment and preservation of seed quality remains unclear, however.
To fill this gap, we first explored whether MSRs have a function in seed longevity using the model legume M. truncatula. After characterizing the MSR family in this species, we investigated MSR abundance and activity in seeds of varying quality, using artificial aging treatments and taking advantage of the natural variability reported for this trait (34) . We then analyzed the longevity of seeds in Arabidopsis thaliana lines, which exhibit altered MSR capacity owing to genetic transformation. Based on the data obtained with these two models, we propose that MSR plays a decisive role in longevity establishment and preservation in plant seeds.
Results
Identification of MSR Sequences in M. truncatula Databases. In a search of EST libraries for M. truncatula Jemalong (http:// compbio.dfci.harvard.edu/cgi-bin/tgi/gimain.pl?gudb=medicago), we identified eight MSR sequences, including five MSRA sequences and three MSRB sequences ( Table S1 ). Note that tentative consensus (TC) TC189868 sequence differs from TC188605 by only a 5′ extension, suggesting that these sequences correspond to two distinct messengers expressed from the same MSRA4.1 gene owing to alternative splicing. Genes corresponding to most TCs were identified in genomic databases (www.medicago. org) in which two additional MSRB genes for which no EST exists were found (Table S1 ).
Altogether, five MSRA and five MSRB isoforms were found in M. truncatula. This is similar to the numbers of isoforms identified in other plant species except for A. thaliana, which has nine MSRB isoforms. M. truncatula MSRs were aligned (Fig. S1) , and their percent identity was calculated (Table S2 ). They were compared with the MSRs reported in A. thaliana and poplar in two phylogenic trees (Fig. S2 ). As described previously (24, 35) (Fig. S3A) . Three of these messengers (A4.1L, B1, and B2) encode plastidial isoforms.
The A4.1 gene is represented by two distinct probes on the M. truncatula array, the messengers encoding the short and long isoforms resulting from alternative splicing, as mentioned above. Intriguingly, the expression patterns obtained with the two probes vary in a similar way, although differing in arbitrary units (Fig. S3A) . These patterns likely result from the presence of large overlapping regions in the sequences of messengers and probes (Fig. S4 ). The differences in levels of arbitrary units may be linked to differential stability of duplexes formed between cDNAs and probes.
To gain further insight into MSRA4.1 expression in mature seeds, we performed RT-PCR analysis (Fig. S3B ) using specific primers to discriminate the two alternative forms (Table S3 and Fig. S5 ), and found that only the messenger encoding the long protein is present in mature seeds. The synthesis of MSRA4.1L messenger increases during seed filling from 10 to 24 DAP and decreases slightly thereafter (Fig. S3A) . Regarding other messengers, MSRA4.2 and MSRB1 progressively accumulate from 10 DAP to the mature stage, whereas MSRB2 maintains an almost constant level throughout seed development, with two small peaks of abundance during filling (16 DAP) and at the mature stage (Fig. S3A) .
We further evaluated the abundance of MSRs by Western blot analysis using antibodies raised against MSRs from A. thaliana or poplar that could cross-react with purified recombinant M. truncatula proteins (Table S3 and Fig. S6 ). Two or three bands of expected size (20-25 kDa) were revealed using the antiPtMSRA4 antibody in maturing seed extracts (Fig. 1A) . The two upper bands likely correspond to reduced and oxidized forms of MtMSRA4.1L, as described previously in A. thaliana (36) . The two forms were detected for the purified recombinant protein as well (Fig. S6 ). The lowest band detected at ∼22 kDa (A4S) in seeds might correspond to A4.2, based on the absence of A4.1S messenger and the presence of A4.2 messenger (Fig. S3 ). This band accumulated slightly with late maturation (Fig. 1B) . The MSRA4.1L oxidized form appeared to be more abundant during natural desiccation (36 DAP onward), as well as in less mature seeds that were artificially dried (lane 32D), a treatment mimicking drying of premature seeds on mother plants in case of drought. The content in MSRB2 also increased with maturation but in a much stronger manner, given that band intensity was 2.5-fold higher in mature seeds than at 28 DAP. Interestingly, a similar increase was also observed for this isoform in seeds dried prematurely. In contrast, MSRB1 abundance decreased slightly during maturation ( Fig. 1 A and B) .
Relationship Between MSR Activity and Longevity. To explore whether the MSR system plays a role in seed longevity, we first analyzed MSR enzymatic capacity in different seed lots of M. truncatula. The first lot, produced in a growth chamber under controlled light and temperature conditions and dried rapidly, comprised maturing seeds of the Jemalong genotype harvested at different stages during longevity acquisition (5, 37) , between 32 DAP and the mature stage (44 DAP). These seeds were able to germinate at 100% and displayed similar levels of MSR capacity, with only A4.1L resolved by SDS/PAGE and transferred onto nitrocellulose membranes, were probed against anti-PtMSRA4, anti-AtMSRB1, or anti-AtMSRB2 sera (1/1,000). Quantification of bands detected on blots relative to bands stained with Coomassie blue in corresponding gels was performed using Quantity One (BioRad) in two or three independent experiments. The abundance of bands in maturing seeds is expressed relative to that in mature seeds, stated as 100%.
a slight increase, from 25.8 to 28.3 pmol Met·mg −1 protein·min −1 , during maturation ( Fig. 2A, Left) .
After controlled deterioration for 12 d at 75% relative humidity and 35°C, a treatment that mimics seed aging (38) , immature seeds were no longer able to germinate at 100%; seed survival rate decreased with the degree of initial seed maturity ( Fig. 2A, Right) . Most interestingly, the treatment induced a parallel decrease in MSR capacity, with the lowest level measured in the less mature 32 DAP seeds (13.7 pmol Met·mg −1 protein·min
−1
). We also evaluated MSR capacity for fully mature seeds of the same genotype produced in a greenhouse (second seed lot). The value, 28.7 pmol Met·mg −1 protein·min
, was similar to that of mature seeds produced in strictly controlled conditions. We then artificially aged these seeds for 0 to 18 d. The germination capacity in this lot was progressively lost with artificial aging, accompanied by decreased MSR capacity, down to 20.7 pmol Met·mg −1 protein·min −1 in seeds deteriorated for 18 d (Fig. 2B , Left). The deterioration process was not accompanied by a change in MSR abundance (Fig. S7) ; thus, the decreased capacity could originate from enzyme inactivation.
To compare the results gained from the two distinct lots under deterioration, we plotted the remaining MSR capacity, expressed as a percentage of that measured in control mature seeds, against the percentage of seed survival. Interestingly, a positive association between these two percentages was seen, with a high R 2 coefficient of 0.99 in both cases (Fig. 3) , highlighting the very strong correlation between MSR and germination capacities in Jemalong seeds.
Because longevity is a genetic trait that varies widely within species, we analyzed mature seeds of another genotype, DZA315-16, previously shown to produce seeds of higher quality than Jemalong (34), in a similar manner. DZA seeds were produced in a greenhouse concomitantly with Jemalong seeds. As expected, the mature DZA seeds after artificial aging exhibited a higher survival rate than the Jemalong seeds (Fig. 2B, Right) . Interestingly, MSR enzymatic capacity was substantially higher in mature DZA seeds (∼40 pmol Met·mg
) compared with Jemalong seeds (26-29 pmol Met·mg −1 protein·min
). As in Jemalong, a decrease in activity accompanied the deterioration of DZA seeds from 0 to 31 d, with a remaining activity of 26.8 pmol Met·mg
protein·min −1 at 31 d; however, the rate of decrease was much slower in DZA. Again, plotting the percentage of remaining activity against the percentage of seed survival produced a high R 2 coefficient of 0.98 (Fig. 3) .
From the germination percentages gained on mature seeds of the two genotypes during deterioration, we estimated the time for the viability to fall to 50% (P50) at 75% relative humidity and 35°C (5). We found a strong link (R 2 = 0.96) between P50 and the initial MSR capacity measured before deterioration (Fig. 4 ). An additional lot of Jemalong seeds characterized by a very low germination capacity (P50 = 10.3 d) was included in this experiment. Collectively, these results reveal a tight relationship between MSR enzymatic capacity and seed longevity in M. truncatula.
To gain further insight into the role of MSR in seed longevity, we analyzed A. thaliana lines in which MSR capacity was altered owing to genetic modification of the expression of genes encoding the two plastidial MSRB isoforms, MSRB1 and MSRB2 (39, 40) . In the lines lacking MSRB1, MSRB2, or both, designated B1 Table S4 ). In the present work, measurement of MSR capacity in mature seeds of these lines (Table  S4) ). These data suggest that MSRB1 is not functional in A. thaliana seeds or that the absence of this isoform or both plastidial MSRB isoforms leads to compensation mechanisms involving other MSR isoforms, such as plastidial MSRA4. Regarding MSRB1-overexpressing lines, designated B1-8 and B1-10, seed MSR capacity was only slightly higher than that in WT (81 and 100 pmol Met·mg
, respectively). Note that the leaf MSR capacity in these lines is fourfold higher compared with WT (40; Table S4 ). For MSRB2-overexpressing lines, designated B2-3 and B2-5, contrasting results were obtained, with either no change in the B2-3 line (75 pmol·min ). In contrast, in leaf extracts, MSR capacity was significantly increased in the former and highly increased in the latter compared with WT.
We took advantage of the varying MSR capacity in seeds of these A. thaliana lines to investigate the relationship with longevity. For this purpose, we determined P50 with the same Germinative capacity (%) MSR activity (%) R 2 Fig. 3 . Relationship between MSR activity and germination capacity of seeds. The level of MSR activity measured in seeds before and after deterioration (Fig. 2) was expressed as the percentage of activity determined in control mature seeds and plotted against the percentage of seed survival. White circles represent maturing Jemalong seeds; black circles, mature Jemalong seeds; gray squares, mature DZA315-16 seeds. The R 2 correlation coefficients of linear regression for each set of values are indicated. deterioration treatment described above for M. truncatula (Table  S4) . Interestingly, the A. thaliana seeds had higher P50 values than the M. truncatula seeds, possibly related to the higher MSR capacity measured in A. thaliana seeds. Nonetheless, seeds of the MSRB2-overexpressing line B2-5 with the huge MSR capacity had the lowest P50. This result is likely related to the MSR capacity, which is 23-fold higher than that measured in WT seeds and indeed far outside the range of physiological values. This modification likely breaks redox homeostasis, impairing the proper establishment and expression of seed quality (41) . Note that in fission yeast, the total Trx pool is limited, and there is competition among enzymes using Trxs as reducing substrates, such as MSRs and thiol-peroxidases (42) . In the B2-5 line, which exhibits very high MSR capacity in seeds and leaves (Table S4) . Interestingly, our analysis of the relationship between MSR capacity and P50 in all of these lines revealed a reliable positive correlation (R 2 = 0.79) between MSR activity level before aging and P50 value (Fig. 4) . Taken together, our data demonstrate a likely role of the MSR system in the control of longevity in seeds of M. truncatula and A. thaliana.
Discussion
Orthodox seeds in a dry and quiescent state are unable to repair or replace damaged molecules that accumulate progressively during storage. Thus, these seeds represent a stage in the plant biological cycle in which cells undergo an aging process similar to that in animal cells. In this work, using seeds of varying MSR capacity owing to either natural variation (contrasting M. truncatula ecotypes) or genetic modification (A. thaliana WT and transformant lines), we have demonstrated that seed longevity is strongly linked to MSR enzymatic capacity (Figs. 3 and 4) . In M. truncatula species, this relationship, characterized by a very high R 2 coefficient (≥0.96), has been established in both maturing seeds of Jemalong, harvested during longevity acquisition, and full mature seeds of Jemalong and DZA315-16, two genotypes of naturally contrasting seed quality (34) . Thus, MSR capacity appears to be a good marker to predict seed performance in this species. We also found a similar relationship in A. thaliana seeds, in which MSR activity has been genetically altered, albeit with a lower R 2 coefficient (0.79). Taken together, our results for natural M. truncatula ecotypes and transformed A. thaliana lines provide strong support for a role of MSR in the control of seed longevity in plants. Our findings are in agreement with the decisive role of MSRs in determining the lifespan of microorganisms and animals (29) (30) (31) (32) .
Our Western blot analysis data (Fig. 1) suggest that seed longevity may be linked to the abundance of both MSR types. Thereby, MSRB2, which accumulates significantly during maturation, might be responsible for the improved storability of mature seeds compared with less mature seeds in this species. This isoform also accumulates in immature seeds in response to anticipated drying. We also observed a slight increase in MSRA4.1L and MSRA4S abundance during maturation. MSRA4.1L may play a critical role during desiccation, as suggested by the accumulation of its transcript with reinduction of desiccation tolerance in seeds of M. truncatula (33) . Of note, the abundance of oxidized MSRA.1L was substantially higher in seeds dried either naturally or artificially compared with nondried seeds. The expression of numerous MSR genes is enhanced by environmental conditions known to generate oxidative stress (24) ; thus, expression of MSRA4 and MSRB2 may be induced by the oxidative context of seed maturation and/or desiccation. Alternatively, MSR expression might be controlled by ABA, which plays a major role in gene expression during seed maturation. Accordingly, expression of one MSRA gene and one MSRB gene is known to be regulated by ABA in A. thaliana and tomato seedlings (26, 43) .
Germination occurs in the absence of transcription and relies on stored proteins or on proteins translated from mRNA accumulated in dry seeds (4, 44) . Thus, mechanisms involved in the repair of reversible biochemical alterations in proteins, critical for metabolism and seed performance, are likely required in seeds. Consistently, the repair of aspartate/asparagine residues, spontaneously damaged over time, by protein-isoaspartyl-methyltransferase is critical for proper seed longevity and germination (15, 45) . Reduction of disulfide bridges in oxidized proteins by redoxins, such as thioredoxins, is a well-known key process in seeds, allowing reactivation of metabolism and mobilization of reserves after imbibition to sustain germination and seedling establishment (16, 19, 46) . More than 100 proteins potentially targeted by thioredoxins have been notably identified in M. truncatula seeds, most of which are reduced during germination (19) . Thus, MSRs also likely contribute in concert with redoxins to the essential function of reactivation of oxidized proteins in seeds. To date, however, few targets and putative targets of MSRs have been identified in plants. Those targets that have been identified in leaves include elongation factors, proteasome subunits, HSPs, and catalase (39, 47, 48) . Interestingly, these proteins are targeted by redoxins as well (46) . Proteins implicated in machineries of protein translation, such as elongation factors, and protein degradation, such as proteasome subunits, are among the most sensitive proteins inactivated under oxidative conditions (1, 49) , and thus may require repair by MSRs and redoxins in seeds after imbibition. When these machineries are poorly functional and the replacement of damaged proteins is compromised, the action of MSRs and redoxins after imbibition might be the only way to restore the crucial functions required for germination and plant establishment. Catalase and HSPs are critical for resistance to oxidative stress and play important roles in seed performance (13, 50) . Catalase has been shown to be inactivated by sulfoxidation in Helicobacter pylori, with reactivation of the enzyme ensured by a synergistic action of MSR and a chaperon protein (51) . Similarly, a small plastidial HSP isoform from A. thaliana is inactivated by sulfoxidation, and MSRA prevents this inactivation (47) . Thus, along with the functions proposed above, MSRs may play a role in the maintenance of protective mechanisms involving HSPs and catalase in seeds. MSRs also may participate in redox signaling pathways in seeds during maturation and/or germination, as has been reported for the calcium/calmodulin-dependent protein kinase II in mammalian cells (52) .
MSR is known to play an important role in the response to stressful conditions in microorganisms and animals. In plants, MSRs also have important functions in response to environmental constraints such as salinity, cold temperature, and high light (24, 26-28, 39, 53) . This capacity could be related to MSRs' ability to function as ROS scavengers in concert with some of their protein targets, which would not be affected by sulfoxidation (54, 55) . Such a general role is supported by the negative relationship between the level of MSR activity and the levels of proteins oxidized by carbonylation in numerous organisms (56) . Thus, the involvement of MSRs in ROS scavenging could occur in seeds to limit the extent of damage resulting from the oxidative conditions reigning during maturation and imbibition. This idea is consistent with the finding that antioxidant enzymes, such as catalase and superoxide dismutase (13) , and antioxidant components, such as tocopherol (14, 57) , confer protection against seed deterioration and aging.
Finally, it is worth mentioning that our data suggest the likely participation of plastidial MSR isoforms in the control of plant seed longevity. This finding is consistent with the results of Bassel et al. (58), who reported that the functionality of several plastidial proteins is required for germination. Taken together, these data support the critical role of plastidial metabolism in seed physiology. It would be interesting to identify potential MSR targets in seeds, as well as proteins sulfoxidized in seeds of poor quality but not in seeds of good quality. These proteins likely play key roles in germination. In aged seeds that are unable to germinate, one can imagine that proteins are severely damaged, and MSRs and redoxins provide less efficient repair. Accordingly, MSRs are less functional in deteriorated seeds of M. truncatula (Figs. 2 and 3) . Whether MSR denaturation in seeds is related to oxidation, as reported in other organisms (59), remains to be determined.
In conclusion, MSRs appear to be involved in the control of longevity in M. truncatula and A. thaliana seeds. It would be of great interest to determine whether this also holds true for seeds of species exhibiting exceptional longevity, such as those of sacred lotus and date palm, which are able to germinate after 1,000-2,000 y of storage (60, 61) . It would be even more interesting to examine whether it also holds true for seeds of crops. Because seed longevity and seed vigor are tightly linked, MSR repair capacity also might play a role in seed vigor, and thus could serve as an innovative marker to predict both seed longevity and seed vigor (i.e., the likelihood that seeds will germinate and plants will emerge in various environments, the two processes underlying successful culture implantation).
Materials and Methods
Biological Materials. Plants of M. truncatula (genotypes Jemalong and DZA315-16) were grown in a sterile mix of vermiculite and soil with regular watering, under a 16-h photoperiod (37) . Maturing seeds of Jemalong were produced in a growth chamber at a day temperature of 24°C and a night temperature of 20°C. As flowers appeared, they were tagged, and developing seeds were removed from pods at different ages at the end of filling (28 DAP) or during maturation (32-44 DAP, with 44 DAP corresponding to fully mature seeds). Fully mature seeds of Jemalong and DZA315-16 were produced concomitantly in a greenhouse with minimum day and night temperatures of 19°C and 16°C, respectively. Seeds were stored at −80°C either immediately after harvesting or after an anticipated rapid drying over 48 h at 20°C and 44% relative humidity. This treatment applied to immature seeds mimics premature drying of the seeds on mother plants exposed to drought.
For production of seeds, A. thaliana WT (Col0) and lines modified for the expression of MSRB1 and MSRB2 genes (36, 39, 40) were grown simultaneously under a 14-h photoperiod (22/18°C, day/night) and a photon flux density of 250 μmol photons·m -2 ·s -1 . Seeds were stored in constant controlled conditions (15°C, 35% hygrometry) in the dark. Some of the dried seeds (after either natural desiccation or anticipated drying) were then subjected to controlled deterioration by exposure to 75% relative humidity and 35°C for 0-31 d (62) . For the determination of germination capacity, dry seeds were imbibed in 9-cm-diameter Petri dishes on filter paper (Whatman no. 1) soaked with 3.5 mL of distilled water for several days at 20°C in the dark. Freshly harvested immature and mature seeds of M. truncatula were scarified by sand paper and imbibed in the presence of 83 μM of fluoridone to release dormancy (63) .
Soluble Extract Preparation and Western Blot Analysis. Seeds were ground to powder using liquid nitrogen, and soluble proteins were extracted in 25 mM Tris·HCl buffer supplemented with 1 mM PMSF and 1 mM EDTA (5-20 mL/g fresh weight). The resulting homogenate was centrifuged (40,000 × g for 30 min at 4°C), and the resulting pellet was discarded. Proteins (20 μg per lane) were then resolved by SDS/PAGE using 12% (wt/vol) acrylamide gels as described previously (64) . At the end of electrophoresis, proteins were either stained in gel using colloidal Coomassie blue or transferred onto nitrocellulose membranes (Schleicher & Schull) for immunodetection, as described previously (65) . Membranes were probed with rabbit antibodies raised against A. thaliana MSRB1 and MSRB2 and poplar MSRA4 (36) . AntiPtMSRA4 antibodies were a kind gift from N. Rouhier (University of Nancy, Nancy, France). Immunodetection was performed with a phosphatase alkaline assay in the presence of 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium.
MSR Activity Assays. After grounding of seeds in liquid nitrogen and suspension in extraction buffer containing 15 mM Hepes (pH 8), 10 mM MgCl 2 , 30 mM KCl, and 1 mM PMSF in an Eppendorf tube, the mixture was vigorously stirred for 20 min and centrifuged at 18,000 × g for 20 min at 4°C. Soluble protein content was measured using BC Assay Reagent (Interchim). Total MSR activity in seed extracts was assayed by monitoring reduction of the synthetic substrate dabsyl-MetO in the presence of a reducing agent, DTE (36) . The 100-μL reaction mixture contained 15 mM Hepes (pH 8), 10 mM MgCl 2 , 30 mM KCl, 20 mM DTE, 0.25 mM dabsyl-MetO, and seed-soluble proteins: 200 μg for M. truncatula and 50 μg, for A. thaliana (the lower amount owing to less-concentrated extracts).
The enzymatic assay was performed in the presence of a large excess of substrate (dabsyl-MetO), and the activity level was found to be proportional to the amount of protein during a 3-h incubation at 37°C. After stopping using 900 μL of ethanol:acetate buffer and centrifugation, 160 μL of a supernatant aliquot was loaded onto a C18 reversed-phase 3.5-μm, 3 × 50 mm SunFire column (Waters), and HPLC separation of dabsyl-MetO and dabsylMet was performed as described previously (36, 39) .
Protein Content Determination. The protein content of soluble extracts was determined using Bradford reagent and BSA as a standard (66) . Concentrations of pure recombinant protein preparations were estimated using e M values at 280 nm.
